Introduction
Rockfish (genus Sebastes) are a diverse group, with more than 50 species found in the Southern California Bight (SCB; Love et al., 2002) . The stocks of six rockfish species, including two species important to California anglers and commercial fishers, bocaccio (Sebastes paucispinis) and cowcod (Sebastes levis), are estimated at or below 25% of their pristine levels, and have been declared overfished by the Pacific Fisheries Management Council. As a result, two large conservation areas (Cowcod Conservation Areas; CCA) have been created in the SCB.
Previous rockfish-population estimates in the SCB were based on ichthyoplankton sampling and catch per unit effort (cpue) of the recreational fishery. The closure of fishing in the CCA emphasized the need for development of non-lethal survey methods to monitor these populations for improved management (Parker et al., 2000) . Efforts are underway to develop non-lethal survey methods, such as visual surveys from submersibles (Yoklavich et al., 2007) and a combination of shipboard multifrequency echosounders and underwater cameras mounted on a Remotely Operated Vehicle (ROV), to map dispersions and abundances of rockfish species (Collaborative Optically Assisted Acoustical Survey Technique, COAST). Passive acoustics is another method that, in conjunction with the new COAST technique, could be used to monitor rockfish populations efficiently.
More than 100 fish families, including some commercially valuable species, produce sounds (Fish, 1964; Fish and Mowbray, 1970; Hawkins, 1986; Amorim, 2006; Rountree et al., 2006) . Much research has focused on the behavioural contexts of fish sounds, and it is known that sound is produced during a variety of social interaction, such as aggression, defence, or mating (Tavolga, 1971; Myrberg, 1981; Mann and Lobel, 1995; Ladich and Myrberg, 2006; Myrberg and Lugli, 2006) . Several rockfish species, such as kelp rockfish (Sebastes atrovirens), gopher rockfish (Sebastes carnatus), black-and-yellow rockfish (Sebastes chrysomelas), black rockfish (Sebastes melanops), and china rockfish (Sebastes nebulosus), are known to produce lowfrequency pulsing sounds (Nichols, 2005) , and it is likely that several other rockfish also produce sounds (Širović and Demer, in press) . Given this demonstrated ability and the importance of rockfish to commercial and sport fisheries, rockfish are good subjects to investigate for the use of passive acoustics for population monitoring.
No attempts have yet been made to use sounds produced by fish for population monitoring (Rountree et al., 2006) . Passive acoustics have been used as a reasonably cheap and efficient way to monitor cetaceans (Clark and Ellison, 1989) ; therefore, similar methods may be applicable to fish populations. Long-term monitoring of fish with passive acoustics is possible, and it easily yields results on diel patterns of sound production (Thompson, 1965; D'Spain and Batchelor, 2006; Locascio and Mann, 2008) , but often such studies lacked direct knowledge of the species producing the detected sounds. Knowledge of the behavioural context of sound production is also important for the successful application of passive acoustics to population monitoring (Gannon, 2008) .
In this study, the occurrence frequencies of different calls that are either known or thought to be produced by rockfish are quantitatively compared with the rockfish abundances independently estimated at a number of sites in the SCB. The primary goal was to determine whether passive-acoustic tools could be used to monitor changes in rockfish populations in periods between expensive ship-based surveys. An additional goal was to increase knowledge of the sound repertoire of rockfish, by combining ocean recordings with visual estimates of the fish-species composition.
Methods

Passive-acoustic data collection
Passive-acoustic recordings were collected at 14 sites in the SCB between August and October 2007, as part of the multidisciplinary COAST survey. Data were collected using two moored, self-contained, passive-acoustic recorders (AURAL M-2; MultiElectronique, Québec, Canada), capable of 60-d deployments.
The unit consists of a preamplified hydrophone (HTI-96-MIN, High Tech, Inc., MS, USA) with a flat (+1 dB) frequency response from 20 to 20 kHz, an anti-aliasing filter, an analogue-to-digital converter, a flash-memory buffer, a 160-GB hard-disk drive (HDD), and 64 alkaline D-cell batteries. Throughout each deployment, the signals were continuously sampled at 8192 Hz and saved as .wav files. However, there are gaps in the records of 8 min 20 s, approximately every 8 h, during which time the data were being written from the flash memory to the HDD.
One recorder was deployed in the long term at the 43 Fathom Bank, located 40 nautical miles west of San Diego. It recorded between 27 August and 12 October 2007 (Table 1) . The other unit was serially deployed at 13 locations for shorter periods (1 -8 d). The recorders were deployed in water depths between 44 and 160 m, generally on top of banks and in locations that had reasonably large rockfish densities during the 2004/2005 COAST survey. In all deployments, the hydrophone was positioned 3 m above the bottom.
Visual-survey data collection and analysis
High-resolution underwater video and still images were collected during a 2004/2005 survey to characterize the species composition of rockfish and their total density at each of the banks occupied by the passive-acoustic moorings in 2007. The time elapsed between optical and passive-acoustic observations is probably inconsequential, because most of the sites were in areas closed to fishing. Rockfish have high site fidelity and their populations vary slowly (Love et al., 2002; Starr et al., 2002; Parker et al., 2007) .
The video and high-resolution, still-image data were collected at each site along ROV transects, which were 1 nautical mile in length and had been previously identified by the multifrequency echosounder data to probably contain high levels of backscatter from rockfish. Rockfish species were identified and counted along each transect by a trained observer. The relative proportion of each species was calculated for each site. These proportions were used to compare the abundance of the 22 most common rockfish species with the detected calling rates, as described below. In addition, a total density of rockfish at each site was determined by dividing the number of counted rockfish by the total area surveyed; see Pinkard et al. (2005) for additional information on the ROV equipment and measurements.
Acoustic-data processing and analysis
Passive-acoustic data were analysed for the presence of possible rockfish sounds. The data were first processed as spectrograms (8192 point Fast Fourier Transform, FFT, and 90% overlap), using Ishmael (Mellinger, 2002) , and scanned visually to identify likely fish sounds. Measurements of the frequency and temporal characteristics of these sounds were made using MATLAB (MathWorks, MA, USA). Maximum and minimum frequencies, pulsing rates, and durations of sounds of interest were measured, and their means and standard deviations (s.d.) were calculated. When possible they were compared using t-tests with the average frequency and temporal characteristics of known rockfish calls recorded in tanks containing rockfish (Širović and Demer, in press) .
To determine which rockfish species were most likely to produce which sound of interest, daily call rates of common sounds from the SCB with an unknown or ambiguous source (response variable) were compared with the rockfish proportions revealed by the visual survey (predictor variable) at each site. The species with the highest coefficient of determination (r 2 ), among the 22 most commonly sighted species, was assumed to be that most likely to produce the reported sound; all species that were statistically significant at the a ¼ 0.05 level were also reported.
Automatic call detection was used to estimate the number of sounds of interest at each deployment site and to investigate the spatial and temporal patterns of their occurrence. Measured sound characteristics were used to develop kernels (representative spectrograms) for automated spectral cross-correlation analysis or determining the frequency range of the energy-sum detector (Mellinger and Clark, 2000) using Ishmael. Each detection event generated a short .wav file for subsequent inspection and analysis. In developing a kernel, the challenge was to minimize the number of missed detections. The detection threshold was set iteratively, until a satisfactory performance (,15% of missed detections) was achieved. After automatic detection was completed on the full dataset, all the saved .wav files were scrutinized for the presence of the targeted sound. In some cases, the kernel was sufficiently generic to detect several different sounds, which were later subclassified.
When referring to the sounds of interest in this manuscript, the individual pulses (IPs) and repetitive pulses (RPs) are subclassified, respectively, by their maximum and centre frequencies (e.g. Additionally, higher-frequency RPs (650-RP) were detected by increases in energy between 500 and 900 Hz lasting ,0.8 s. This energy-sum detector yielded a large number of false detections, which also required post-detection subclassification.
Daily calling rates were calculated for each deployment site, and spatial distributions of the rates for each sound were plotted using ArcGIS (ESRI, Redlands, CA, USA). To observe diel patterns in sound production, hourly occurrences of each sound were plotted, normalized to effort. Statistical significances in the diel patterns were calculated using non-parametric analyses of variance (ANOVA) with Kruskal -Wallis tests. If a pattern was statistically significant, a multiple-comparison test was used to evaluate which hours of the day were significantly different.
The feasibility of using passive acoustics for population monitoring was tested in three ways. First, correlations between the pooled daily call rates of all sounds and the fish densities from active acoustics and visual COAST data were calculated for all sites, for a broad test of correspondence between call rates and calculated abundances. Second, for the short-term data, the correlation coefficients between the daily calling rates of each sound and relative species proportions from visual surveys were calculated at 12 sites. Visual data were not available from North San Nicolas Island and one location at North Cortes Bank. In this analysis, only the species with the highest r 2 from the logistic-regression analysis, or those that were significantly correlated, were used. Third, using the long-term time-series from the 43 Fathom Bank site, the change in calling rates over the 46 d of the deployment was investigated. Daily calling rates for sounds detected at least 20 times during the entire deployment at the 43 Fathom Bank are displayed. In addition, autocorrelation and timelags were calculated for the long-term time-series of SB-AM, because this was the only sound with a large enough sample size. For passive-acoustic methods to be useful for long-term population monitoring, given the longevity and small home range of most rockfish (Parker et al., 2000; Love et al., 2002) , calling rates are expected to remain reasonably constant over this short monitoring period.
Results
A total of 102 GB of passive-acoustic data was recorded over 75 d at 14 locations in the SCB (Table 1) . Five sounds were identified as potentially made by rockfish and were further investigated for frequency and temporal characteristics, spatial and temporal distributional patterns, and correlations with proportions of rockfish observed in visual surveys, when these were available.
Spatial and temporal characteristics of sounds of interest
Two individual pulsing sounds were frequently detected in the SCB: 135-IP and 175-IP ( Table 2 ). The 135-IP (Figure 1a ) was detected 537 times at all the short-term sites, and 28 times at the 43 Fathom Bank. Its pulse duration was similar (t-test, p ¼ 0.146) to the sounds recorded in tanks containing cowcod, bocaccio, and sunset rockfish (Sebastes crocotulus; Hyde et al., 2008) , but the frequency-maximum and -minimum characteristics differed (t-test, p , 0.015). The occurrence of this sound had the highest correlation with the distribution of shortbelly rockfish (Sebastes jordani), but was also significantly correlated with rosy rockfish (Sebastes rosaceus; Table 3 ).
The slightly higher frequency, 175-IP (Figure 1b) , was detected 28 times at short-term sites and 20 times at the 43 Fathom Bank. All three characteristics of this sound were statistically different (t-test, p , 0.005) from pulses of similar frequency recorded in tanks containing bocaccio (Širović and Demer, in press ). This sound had the highest correlation with the observed distribution of speckled rockfish (Sebastes ovalis) and cowcod (Table 3) .
Two repetitive pulsing sounds were also recorded in the SCB, one at a higher (650-RP; Figure 1c) and the other at a lower frequency (150-RP; Figure 1d ). The frequency range of these pulsing sounds varied between the sites, but they displayed a consistent repetition rate, which was selected as their distinguishing feature (Table 2 ). Both sounds were detected more often at the 43 Fathom Bank than at the short-term sites, with 63 and 46 detections for 650-RP, respectively, and 20 and 14 times, respectively, for the 150-RP. A sound similar to 650-RP had been recorded previously in a tank containing cowcod, bocaccio, and sunset rockfish (Širović and Demer, in press ), but its distribution in the SCB was correlated with starry rockfish (Sebastes constellatus; Table 3 ). The 150-RP had not been reported previously from captive rockfish. Its spatial distribution appeared to mimic that of blue rockfish (Sebastes mystinus), but the correlation between the call rates and species proportions determined from visual sightings was insignificant with this sample size ( Table 3) .
The SB-AM pulsing (Figure 1e ) was often repeated in doublets or triplets at the same pulse rate. This sound had been recorded in tanks containing only bocaccio (Širović and Demer, in press) and in the SCB it was detected 1521 times at short-term sites and 9380 times at the 43 Fathom Bank. 
Spatial distributions
The five sounds reported here had different distributions in the SCB (Figure 2 ). The 135-IP had the second-highest call rates (maximum 127 calls d
21
), and it occurred at all locations, but higher daily calling rates were detected at the northern sites. The 175-IP was detected at only five sites distributed throughout the SCB; the daily calling rate was ,3 calls d
. The 650-RP was detected at sites closer to shore and in the northern section of the survey area, with a maximum call rate of 8 d
. Conversely, the 150-RP was more common at the offshore sites and had a low call rate (+3 calls d
). SB-AM was the sound with the highest daily rates, with a maximum of almost 240 calls d
, and although it occurred at every site, it was detected most often at the southern end of the survey area. 
Diel calling patterns
The call rate of 135-IP peaked during daylight, but a secondary peak occurred after sunset, although the difference was not statistically significant (Figure 3a The SB-AM was the only sound with a significant diel pattern (Kruskal-Wallis ANOVA ¼ 1332, d.f. ¼ 23, p , 0.001; Figure 3e) , with higher calling rates starting before sunset and lasting through the night (00:00-13:00 UTC), no calling during the day (15:00 -20:00 UTC), and lowered calling rates in the middle of the night.
Population monitoring
There was a negative correlation between the rates of all calls and the densities of rockfish from the visual survey and a positive correlation between the calling rates and the densities obtained from the active-acoustic survey, although neither correlation was significant (r ¼ 20. (Figure 4) . The SB-AM displayed much higher and variable daily rates (Figure 4d ). The autocorrelation of the daily rate of SB-AM decreased almost linearly with lag, with a small increase from days 14 to 16.
Discussion
This study was the first to investigate the feasibility of using sounds produced by fish for population monitoring by combining passive acoustics with other methods of population monitoring (Gannon, 2008) . The daily calling rates of five sounds were estimated and compared with estimates of rockfish species composition from visual and active-acoustic measures at 14 sites in the SCB. The stability of sound detections was also investigated over 46 d. All sounds except SB-AM occurred at very low daily rates (,10 calls d
21
), which may make it difficult to use them for population monitoring. Conversely, sounds were detected at reasonably constant rates over the monitoring period, implying that they may well relate to species abundances. Changes in the daily rates of 650-RP and SB-AM may have been linked to different moon phases. However, longer time-series would be necessary to determine whether such rates persist, and whether there are seasonal patterns of sound occurrence, as is common for many fish species (Tavolga, 1971) .
Daily patterns were also observed in sound production. Diel patterns are reasonably common for fish sounds (Thompson, 1965; Tavolga, 1971; D'Spain and Batchelor, 2006; Locascio and Mann, 2008) , and SB-AM appears to have persisted with the Rockfish sounds same daily pattern in the SCB over more than 40 years (Thompson, 1965) . Only SB-AM displayed statistical significance in its daily pattern, but other sounds occurred more often at night as well . Several issues complicate an explanation of the correlations between calling rates and visual observations. First, there is a positive bias in the visual data, because the ROV was selectively deployed in areas identified by active acoustics to have high fish abundance. This bias might explain the negative correlation between the pooled calling rates and visual density. The positive correlation between the pooled calling rates and rockfish density obtained from active acoustics, which is more likely to represent true rockfish abundance, is encouraging.
Three other factors could have affected these patterns. The numbers from the visual survey used in this study represent relative proportions of the various rockfish species at each site, not absolute abundances. Because the sound-detection numbers were absolute, they were not necessarily affected by the proportions of other species present. This may explain the stronger links between sounds and species that tend to school or aggregate 
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A. Širović et al. (e.g. shortbelly, speckled, and blue rockfish) . In the latter, however, perhaps the sounds are produced by a coexistent, yet less abundant, species. For example, 175-IP was best correlated with speckled rockfish, which often form mixed-species groups that included bocaccio and squarespot rockfish (Sebastes hopkinsi; Love et al., 2002) . In addition, a similar sound was recorded in tanks containing captive bocaccio (Širović and Demer, in press ).
Another issue is that the visual-survey data were collected three years before the passive-acoustic survey. Although rockfish are generally long-lived and have reasonably small ranges (Love et al., 2002) , changes in species proportions between years are possible. Finally, the visual and passive-acoustic data were not always collected at the same location and depth on the bank. Shortbelly rockfish, for example, were generally sighted at depths greater than the deployment depths of the acoustic recorders. The low source level of rockfish sounds (ca. 110 dB re 1 mPa at 1 m; Širović and Demer, in press) suggests that the relevant species mixture is that which is proximate to the recorders. All these factors can be addressed in the future by more closely coupling visual and passive-acoustic efforts.
A number of other pulsing sounds probably emanating from fish was recorded during this study, but they cannot be linked to 
Rockfish sounds
rockfish. One such pulsating sound had been reported previouslya pulse train of knocking sounds reported by Thompson (1965) as occurring in the SCB ("click chorus"). Another interesting, higherfrequency sound, which we termed "boing-boing" but which differed from the "boings" attributed to minke whales (Rankin and Barlow, 2005) , was recorded at three locations in the SCB. It consisted of a pulsing sequence with an increasing pulse rate, followed by up to three shorter sequences of very rapid pulsing. These sequences were repeated several times over 1 min. The presence of a large variety of fish sounds, and their persistence over decades, demonstrates the feasibility of using these sounds to monitor the health of a reef system (Sueur et al., 2008) . Even if the source of each individual sound is unknown, by monitoring the energy of all sounds, insight could be gained into the long-term, broad-scale changes on the reef.
All the sounds reported here exhibited high variability in their frequency characteristics, both between and within sites. There are a number of possible explanations for this variation. Sounds could be correlated with more than one species because multiple species have evolved with the same muscular structure and thus could make the same type of sound (Hallacher, 1974; Margoliash and Hale, 2008) . In addition, sounds could change with fish size, sex, maturity, time of year, and reproductive condition (Gannon, 2008) , or could be altered by environmental conditions (Tavolga, 1971) . All these factors add another level of complexity to using passive acoustics for fish-population monitoring.
Another challenge stemming from the large variation in frequency characteristics was that of developing a reliable method to detect sounds automatically and accurately in this large dataset. When detecting low-frequency sounds, ship noise frequently increased the proportion of false alarms in automatic spectrogram correlation. Alternate use of the energy detector was possible for higher-frequency sound (650-RP), because that frequency band contained less noise relative to lower frequencies. However, it also yielded many false alarms. The ratio of missed sounds can be reduced in future studies by using different detection techniques.
Neural networks have been used to scan electrocardiogram records in clinical medicine automatically (Baxt, 1995) , to identify species in active-acoustic data (Haralabous and Georgakarakos, 1996; Simmonds et al., 1996) , and to detect animal sounds automatically (Potter et al., 1994; Deecke et al., 1999; Parsons and Jones, 2000) . They have been proven to do well in classifying noisy and highly variable sounds (Potter et al., 1994; Deecke et al., 1999) , so may work well for robust detections of fish sounds. The benefit of neural networks for the detection of SB-AM, for example, is that the network could be trained to recognize the signal-variation pattern (Deecke et al., 1999) , instead of having to employ multiple detectors. Conversely, neural networks must be trained with a large subset of sound samples. This technique, therefore, would be limited to the detection of more common sounds (SB-AM, 135-IP, and possibly 650-RP), until a large library of rare sounds (175-IP and 150-RP) has been collected.
The principal challenges in using passive acoustics for population monitoring are determining which species make which sounds, and under which behavioural conditions these occur, and characterizing the large variations in these sounds. Additionally, to make future population studies more robust, passive-acoustic recordings should be coupled with measurements of sound-transmission characteristics in the surveyed area, and the effects of masking of fish sounds by background noise have to be considered (Gannon, 2008) .
The SB-AM from bocaccio might be a good signal for monitoring the recovery of this overfished stock in the SCB, because of its frequent occurrence and long-term persistence. In addition, 175-IP may be a good indicator of the abundance of speckled rockfish, or species with which they aggregate. Finally, the high rates of occurrence of 135-IP, and its strong correlation with a number of rockfish species, make this sound worthy of further investigation.
